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The magnetic resonance spectrum of spin clusters formed in spin-Peierls magnets in the vicinity of 
impurity ions was investigated. The observed temperature dependences of the effective g-factor and 
the hnewidth of the electron spin resonance (ESR) in crystals of Cui-^iNiajGeOs are described in 
the model of the exchange narrowing of the two-component spectrum with one component ascribed 
to spin clusters and exhibiting an anomalous value of the y-factor and the other related to triplet 
excitations. An estimation of the size of the suppressed dimerization region around the impurity 
ion is obtained (this region includes about 30 copper ions). The dependence of the effective (;-factor 
and the ESR linewidth on the impurity concentration at low temperatures indicates the interaction 
of clusters. 



PACS numbers: 75.10.Jm, 76.50.+g, 75.50.Ee 
I. INTRODUCTION 

Crystals of quasi-onc-dimensional magnet CuGeOs ex- 
hibit magnetic and crystallogia||)hic properties character- 
istic to spin-Peierls magnets.a The magnetic structure 
of this compound is based on one- dimensional chains of 
Cu^"*" ions {S = 1/2) extended along the c-axis of the or- 
thorhombic crystal structured The value,of the exchange 
integral along these chains is 10.4 meV.tl 

Below the temperature of the spin-Peierls transition 
Tgp = 14.5 K, the dimerization of chains occurs: i.e., 
magnetic ions approach each other with the formation 
of pairs. The dimerization is accompanied by the alter- 
nation of the exchange integral, which in turn takes one 
of two values Ji_2 = ± 5). An energy gap E ^ 5J 
opens between the ground singlet state and triplet excita- 
tions. Due to the presence of the gap in the energy spec- 
trum, the magnetic susceptibility decreases, and the pure 
crystal without defects becomes almost nonmagnetic at 
low temperatures. The lattice transformation due to the 
dimerization is correlated in space, and the dimers are 
located on a regular sublattice. 

Interchain exchange interaction in CuGeOa is rather 
large (the value of the exchange integral along the two 
directions orthogonal to the chain is only by a factor 
of 10 aad 100 less than the exchange integral along the 
chain^u). For this reason, in the absence of the spin- 
Peierls transition, antiferromagnetic ordering had to be 
observed. However, the spin-Peierls state is more prefer- 



able and is conserved down to very low temperatures. 

CuGeOs is the only inorganic spin-Peierls compound in 
which a controlled substitution of magnetic ions is possi- 
ble. The introduction of impurities results in a local sup- 
pression of the dimerization in the vicinity of the defect. 
As a result, the temperature of the spin-Peierls transi- 
tion decreases, and at low tempier|atures the long-range 
antiferromagnetic order appearsBu 

The occurrence of the antiferromagnetic order and the 
suppression of the dimerization order is explained in Refs. 
|l^,|ll|. A cluster of antiferromagnetically correlated spins 
is formed around the impurity ion. In the chain of spins S 
= 1/2 with alternating exchange interaction, the antifer- 
romagnetic correlations decay (see Ref. |2|) thus forming 
wings of the cluster. As we recede from the defect, the 
mean value of the z-projection of the spin decreases ex- 
ponentially. Overlapping of the clusters' wings results in 
the expansion of the region of antiferromagnetic correla- 
tions and in the long-range antiferromagnetic order. 

Substitution of the part of the Cu ions by Ni has two 
significant differences compared to other dopants. 

First, in the antiferromagnetically ordered phase, the 
easy axis of anisotropy is directed along the a axis, 
whereas for other substitutingJmpurities the easy axis 
of anisotropy is aligned along cffl Second, an anomalous 
temperature dependence of the ^-factor is observed in the 
dimerized phase. At the deminishing of the temperature 
below the transition point Tsp, the value of the effec- 
tive g-factor begins to decrease and achieves the value 
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of 1.4 at low temperatures for H || c3 The anomalous 
value of the 5-factor can be explained by the existence of 
the antisymmetric Dzyaloshinski-Moriya exchange inter- 
action in the vicinity of the defect. In a multispin system 
consisting of more than two spins, the existence of the 
Dzyaloshinski-Moriya interaction along with the sym- 
metric Heisenberg exchange results in a strong anisotrouK 
of the effective g-f actor and in the decrease of its value. E£l 
Calculations based on the six-spin model show that the 
existence of the antisymmetric exchange interaction with 
the value of the exchange integral of about 30% of the 
value of the intrachain exchange interaction is sufficient 
for the, description of the observed deviation of the g- 
factor.H 

The present paper continues the study started in Ref. 
^. Its purpose is to investigate high-quality samples of 
CuGeOa doped with nickel including those with a low 
content of the impurity (a; < 1 %). The study of sam- 
ples with a small concentration of the impurity (when the 
average distance between the impurity ions exceeds the 
characteristic cluster size) makes it possible to observe 
the magnetic resonance of isolated clusters. A noticeable 
difference of the g-factor of clusters from the g-factor of 
excitations of the spin-Peierls matrix makes it possible to 
differentiate between their ESR signals. In turn, this fact 
opens the possibility to investigate the interaction of clus- 
ters with the environment and between themselves. The 
analysis of the experimental data allowed us to determine 
the characteristic size of the cluster that is formed around 
the impurity ion, namely, the size of the region where the 
dimerization is destroyed and that of the region in which 
the antisymmetric exchange interaction exists. 

II. EXPERIMENTAL TECHNIQUE AND 
SAMPLES 

For the ex- 

periment, high-quality samples of Cui_3;Nia;Ge03 with 
the impurity concentration x = 0.2% and x = 0.8% were 
grown. In order to analyze the dependence of the (7-factor 
on concentration, samples with higher concentrations of 
the impurity {x — 1.9% and 3.0%) were also used. 

To control the quality of the samples, a single crystal 
of the pure compound grown following the same technol- 
ogy was used. At the temperature of 4 K, the magnetic 
susceptibility of this sample determined by the integral 
intensity of the ESR signal was about 4% of the suscepti- 
bility at the transition temperature Tsp. This value cor- 
responds to the residual concentration of the magnetic 
defects per a copper ion equal to 0.05%. 

The investigations were performed at the frequency of 
36 GHz and the temperatures in the range 1.8-20 K with 
the help of an ESR spectrometer with a transmission type 
cavity. The magnetic resonance line was registered as 
the dependence of the intensity of the microwave power 
transmitted through the resonator on the magnetic field 



applied. In this case, the variation of the signal is pro- 
portional to the imaginary part of the magnetic suscep- 
tibility. 

III. EXPERIMENTAL RESULTS 

At the deminishing of the temperature below the spin- 
Peierls transition point (which is equal to 13.5 K for x 
= 0.2% and 12.0 K for a; = 0.8%), the field of the res- 
onance absorption starts to increase. The temperature 
of the spin-Peierls transition was determined from the 
beginning of the decrease of the integral intensity of the 
ESR signal. The increase of the resonance absorption 
field corresponds to the decrease of the g-factor. The 
evolution of the ESR line with temperature is shown in 
Figs. 1 and 2. 

The temperature dependences of the g-factor are pre- 
sented in Figs. 3 and 4. At low temperatures (T < 4X), 
the values of the g-factor remain constant and equal ga 
= 1.75, gt = 1.87, and = 1.43 (for x = 0.2%). 

For the sample with the impurity concentration x — 
0.2%, the magnetic resonance line splits into two compo- 
nents at the temperature T' = 7 K (Fig. 1). As the tem- 
perature decreases, one of those components continues to 
move to the higher fields, and its intensity increases. The 
second component remains in the field close to the ESR 
field above Tsp, but its intensity decreases and it almost 
vanishes as the temperature decreases further. The width 
of the magnetic resonance line has its maximum at the 
temperature close to the splitting temperature T' (Fig. 
5). A similar splitting was observed at other orientations 
of the sample with respect to the field for x = 0.2%; how- 
ever, we were able to follow it down to low temperatures 
only for H || c (this is due to the fact that for this ori- 
entation there is the maximal difference of the g-factors 
of two spectral components, which makes it possible to 
distinguish the weak absorption line on the wing of the 
strong one). 

For the sample with the impurity concentration x — 
0.8%, the magnetic resonance line consists of the sin- 
gle component at all temperatures; the maximum of the 
linewidth is observed in the vicinity of T' (Fig. 5). 

In the paramagnetic phase the value of the ^-factor is 
also different from the value characteristic for the pure 
compound. The dependence of the g-factor value on the 
impurity concentration at T > Tsp is shown in Fig. 
6. As the impurity concentration increases, the value of 
the g-factor decreases for all orientations of the magnetic 
field. 

For samples with the impurity concentration x — 1.9% 
and 3.0%, the long-range antiferromagnctic order takes 
place, the ordering manifests itself in the transition from 
the gapless ESR spectrum with a linear frequency-field 
dependence to a spectrum that is typical to antiferro- 
magnets with orthorhombic symmetry. The Neel tem- 
peratures are T^— 2.5 K for x = 1.9% and T/v= 3.5 K 
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for X = 3.0%. 

Comparison of the ESR lines at the minimal tempera- 
ture (Fig. 7) shows that the field of resonance absorption 
and the width of the line of magnetic resonance are differ- 
ent for samples with different concentration of impurity. 
Dependences of the linewidth and the g-factor value on 
impurity concentration are presented in Fig. 8. (For 
samples that exhibit the antiferromagnetic ordering, the 
data were taken at T = T/v-) For small x, the width of 
the ESR line linearly depends on the concentration. De- 
pendences of the ESR linewidth and of the g-factor value 
on the orientation of the magnetic field at T = 1.8 K for 
the sample with x = 0.8% are shown in Fig. 9. 



IV. DISCUSSION 

Before considering the quantitative analysis of the ex- 
perimental data, we will present a qualitative description. 
According to the concept developed in Refs. 
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cluster of exchange- correlated spins is formed around 
the impurity ion in the spin-Peierls matrix. Due to the 
existence of the antisymmetric exchange interaction in 
this cluster, the ESR of clusters is characterized by an 
unusually small value of the g-factor Clusters are 
surrounded by a dimerized spin-Peierls matrix which is 
nonmagnetic in the ground state. Triplet excitations of 
the dimerized matrix are characterized by the value of 
the g-factor of copper ions gcu close to 2. Due to the 
exchange interaction of clusters with excitations an ESR 
line with an intermediate value of the ^-factor is observed 
(the so- called exchange narrowing). At temperatures 
close to the spin-Peierls transition temperature, when the 
concentration of spin-Peierls excitations is large, an ESR 
line with the g-factor close to the values characteristic to 
copper ions is observed. As the temperature decreases, 
the concentration of triplet excitations decreases due to 
the existence of an energy gap, and the ESR lime shifts to 
the value characteristic of isolated clusters. As the tem- 
perature decreases further, the effectiveness of the inter- 
action of clusters with excitations decreases, and the ESR 
line splits into two components. A similar phenomenon 
was observed for the magnetic resonance of temperature- 
activated spins in radicalaiJ. At last, at low tempera- 
tures, when triplet excitations are practically frozen out, 
the ESR line consists of two components — a strong one, 
characterized by the (^-factor of clusters, and a weak one, 
which represents the residual triplet excitations and mag- 
netic defects. This description corresponds to the ob- 
served evolution of the magnetic resonance line for the 
samples with the impurity concentration of 0.2%. 

Similarly, one can explain the dependence of the g- 
factor on impurity concentration at temperatures greater 
than the transition temperature. In this case, one should 
consider the closest neighborhood of the impurity ion in 
which antisymmetric interaction exists as a cluster char- 
acterized by the anomalous value of the 5- factor gd ■ The 



ESR of copper ion chains is characterized by the g-factor 
gcu- Due to the exchange interaction of the cluster with 
the surrounding copper matrix, the ESR line with an in- 
termediate value of the g-factor is observed. The more 
is the number of clusters, the more the magnetic reso- 
nance line is shifted from gcu to gd- Thus, the value 
of the effective g-factor must decrease as the impurity 
concentration increases. 

In this reasoning, we assumed that the g-factor is the 
same for all clusters. This is actually true if the inter- 
action between clusters is negligible. In this case the 
parameters of the ESR line would depend only on the 
interaction of clusters with triplet excitations. However, 
the fact, that the resonance absorption fields for the sam- 
ples with x = 0.2% and x = 0.8% differs, shows that even 
for these impurity concentrations the interaction between 
clusters must be taken into account. Glpsters interact 
due to the fact that their wings overlapllil; this makes it 
possible to obtain a coarse evaluation of the cluster size 
(assuming that clusters do not interact at a; = 0.2%, and 
that the interaction leads to the widening and shift of the 
line at X = 0.8%): 



L - 1/0.008 - 100. 



(1) 



This result is overestimated since the distance between 
the majority of clusters is less than the average one. 
Since antiferromagnetic correlations at cluster wings are 
destroyed by thermal fluctuations, the influence of the 
cluster interaction on the ESR line should decrease with 
the increase of temperature. 

We will assume that an isolated cluster is characterized 
by the values of the 5-factor observed for the sample with 
X = 0.2% at the minimal temperature {g = 1.75, g = 1.87, 
and g = 1.43). The values of the g-factor for excitations 
correspond to the (7-factor of copper ions in undistorted 
crystal environment, i.e., in pure CuGeOa {g = 2.15, g = 
2.26, and g = 2-06, and they are practically independent 
of temperatureEj) . 

In the subsequent analysis we use the following sim- 
plified model. We assume that in the close neighbor- 
hood of the impurity ion of size L^im the dimerization 
is suppressed and triplet excitations of the spin-Peierls 
matrix do not reach this region. Antiferromagnetic cor- 
relations exponentially decay with distance from the de- 
fect. This attenuation is characterized by the magnetic 
correlation length of dimerized chains ^ ^ v/A where v 
is the speed of spin excitations and A is the energy gap, 
(see Ref. ^2|). In addition, there exists the antisymmetric 
Dzyaloshinski-Moriya exchange interaction in a certain 
neighborhood of the impurity ion due to a local reduc- 
tion of symmetry. The size of this region is L^m < Ldim- 
The values of Ljjm and Ldim are measured in interatomic 
distances along the chains. 

The analysis of the dependence of magnetic suscepti- 
bility on temperature for a similar model was conducted 
in Refs. |l^Jl^. The advantage of the ESR method is in 
the fact that a noticeable difference in g-factors of clus- 



3 



ters and excitations makes it possible to separate their 
contributions. 



A. Interaction of Clusters with Excitations in the 
Molecular Field Approximation 

First, we will consider the case T < Tsp when spin 
chains are dimerized. In the vicinity of the impurity ion, 
a cluster of exchange-coupled spins with the total spin 
5 = 1/2 is formed. At a large distance from the de- 
fect, the spin-Peierls matrix remains unperturbed, and its 
magnetic properties are described by triplet excitations, 
which are separated by a gap from the ground state. 

The prolongation of antiferromagnetic correlations 
from the cluster into the dimerized matrix results in the 
appearance of an interaction between the cluster and ex- 
citations. Since this interaction appears due to the ex- 
change interaction between spins, the average energy of 
the interaction can be written in the form 



Eint — 



E 



Je//(< > • < Scu{i) >) (2) 



Here Jeff is the effective exchange integral, 

< Sci > is the average total spin value of the cluster, 

< Scti > is the average spin value on the copper ion lo- 
cated away from the cluster (it occurs due to triplet ex- 
citations). The summation is performed over n effective 
neighbors of the cluster (since the major role is played 
by the interaction along spin chains, we assume that n — 
2). 

Following the molecular field theory, we obtain the 
following system of self-consistent equations for average 
magnetization of a cluster and a copper ion in the dimer- 
ized matrix: 



Y < ^J■Cu >), (3) 

gcigcufj-B 

Jeff 



2- < ficl >)■ 

gcigcufj-B 



Here Xc/ c« susceptibilities per one cluster and per 
one copper ion in the absence of the interaction. 

From Eqs.d) one can derive following equations for 
the magnetizations with regard for the interaction: 



(4) 



1 , (") 

^ _ ,.(0) 1 + ^^Xcn 
Aci Xcl (0) (0) ' 

1 - nv^Xci Xcu 
_ (0) 1 + ^Xc°^ 

XCu Xcu (0) (0) 

1 -^rxc/ xc« 



where n — . 

The magnetic susceptibility of a single isolated cluster 
obeys the Curie law 



(0) ^ g,V|5(5 + l) 
3kT 



For the susceptibility due to triplet excitations, we will 
use the results obtained in Ref. ^17. In those stud- 
ies, an approximation of the magnetic susceptibility of 
pure CuGeOa crystals at temperatures below Tsp was 
obtained experimentally. This approximation of the mo- 
lar susceptibility at H || c has the form 



F{t) = (ao + ait + a2t^) exp(-y) 



t = T/TsP, (6) 



where uq = 26.0 x 10 cgs units/mol, ai — —41.6 x 
10"'^ cgs units/mol, 02 = 28.2 x 10"'^ cgs units/mol, and 
A = 2.39. 

Then, we have for the magnetic susceptibility per cop- 
per ion in the dimerized matrix: 



(0) _ 

Xcu ~ 




FjT/Tsp) 
Na ' 



(7) 



(i) . 

Here g^^ is the ^-factor of the copper ion in the corre- 
sponding direction. 

If the impurity concentration is x, then the number 
of clusters is xNa and the number of copper ions in the 
dimerized matrix is (1 — xLdim)NA- Assuming that clus- 
ters do not interact, we obtain the following formulas for 
the total susceptibility of clusters and excitations: 



Xci = xNaXcU 

XCu = (1 - xLdtm)NAXCu- 



(8) 



Equations (§)-(||) allow one to determine the contribu- 
tion of clusters and triplet excitations to the susceptibil- 
ity for all temperatures below the spin-Peierls transition 
temperature. We will use this result later. 

The case T > Tsp can be treated in a similar 
way. As it has already been mentioned above, in this 
case the neighborhood of an impurity ion in which the 
Dzyaloshinski-Moriya exchange interaction exists should 
be considered as a cluster; hence, the characteristic size 
in Eq. (||) is Ljjm- Since the susceptibihty of spin 
chains weakly depends on temperature above the transi- 
tion temperature, we must set T = Tsp in Eq. |^. 



B. Dependence of the g-factor on Temperature 

As it has already been mentioned above, the evolution 
of the ESR line with the Ni concentration equal to 0.2% 
(Fig. 1) has the form typical of the exchange- narrowed 
two-component spectrum of the magnetic resonance with 
the frequency of exchange jumps dependent on tempera- 
ture. 

Following Refs. [ijjlj, we assume that the influence of 
the exchange interaction on the magnetic resonance spec- 
trum of the system can be considered as random transi- 
tions with the characteristic frequency Ue between the 



(5) states with different Zeeman's frequencies 0^2''^ > u> 



.(0) 



4 



The location of the center of gravity of the magnetic 
resonance spectrum is independent of and is deter- 
mined by the formula 



(0) - 



i Xl +^2 X2 
Xl +X2 



(9) 



where xi,2 are the susceptibilities of the corresponding 
states with regard for the interaction between them. 

Analysis of these random transitions by statistical 
methods (see Ref. ^ show that the frequencies of the 
spectral components and their widths are determined by 
the formulas 



^1,2 ^ to + /m(Ai,2) 
Awi,2 = i?e(Ai,2), 



(10) 



where 



Ai.2 = l^{~[^e - iS] ± - A2 - 2za;e<5}, (11) 



5 = ^f)+c.f -2CJ. 



In the limit of o^e 3> A, we have 

„(52 + A2 . 52 _ ^2 



aj2 = tl? + (5 



Awi 

AciJ2 = l^e 



4We 



(12) 



(13) 



Thus, the ESR spectrum consists of a narrow line close 
to aJ and a wide background line. 

In the absence of the interaction (cje = 0), we have 



_ (0) 
'^1.2 —^12 



AlJi,2 = 



(14) 



which corresponds to two narrow spectral components at 
the frequencies w^^-* and uj^^ . 

Qualitatively, this corresponds to the observed transi- 
tion from the ESR line consisting of a single component 
to the two-component line. In this model, we neglect the 
intrinsic widths of lines in both states of the system. 

Magnetic properties of the doped spin-Peierls system 
at T > Tn correspond to free spins of clusters and triplet 
excitations of the dimerized matrix. The difference in g- 
factors of clusters and excitations lead to differences in 
Zeeman's frequencies. 

The presence of an energy gap leads to a dependence of 
the concentration of triplet excitations on temperature. 
In this case, the frequency of exchange jumps LOe also 
depends on temperature as 

cj,{t) = exp{-Wl^}^ t - T/Tsp. (15) 

The dependence of the energy gap on temperature can 
be approximated as follows (see Refs. [^JT^): 

E{t)=E{0){l-tr, a ^ O.l, t = T/Tsp. (16) 



The magnitude of the energy gap at T = K is related 
to the transition temperature by the equation (see Ref. 



E{0) = l.76kTsp. 



(17) 



Equations (|T^|T2|), (|) and (|T|)-(|T|) make it possible 
to obtain temperature dependences of the resonance ab- 
sorption frequencies (^-factors) and widths of spectrum 
components. To take into account the interaction of clus- 
ters with triplet excitations, we use the molecular field 
approximation (0)-(||). 

The temperature dependences of the g-factor and the 
width of the magnetic resonance line are described with 
the help of three fitting parameters - the size of the region 
of suppressed dimerization Ldimi the effective exchange 
integral value Jeff, and the preexponential coefficient of 
the exchange frequency fie- 

This model assumes that clusters do not directly in- 
teract. As it has been mentioned above, the influence of 
interaction of the clusters decreases with increasing tem- 
perature. For this reason, when choosing the parameters, 
we used the temperature dependence of the g-factor at 
T > T' = 7 K for all basic orientations of both samples 
and the temperature dependence of the g-factor below T' 
for the sample with the impurity content 0.2% for H || c. 

Thus, the following values of the fitting parameters 
were obtained: 



d„„ = 32±2, Jeff = -iU±l)K, 
fie = (2.2 ±0.3) X 10^^sec-\ 



(18) 



Note that fifle/k ^IQ K, which is close to Jeff- This 
result could be expected since fie and Jeff must be de- 
termined by the magnitude of the intrachain exchange 
integral. 

The comparison of the theoretical and experimental 
results is illustrated in Figs. 3, 4. The theoretical depen- 
dences provide an accurate description of the experimen- 
tal data for the sample with the impurity concentration 
0.2%; however, for the sample with x — 0.8%, there is a 
disagreement at low temperatures, which we attribute to 
the interaction of clusters. 

The value of the suppressed dimerization region ob- 
tained here coincides with the result of Ref. [T^ which 
was obtained by the analysis of static susceptibilities. 

We also can make a coarse evaluation of the impurity 
concentration at which the long-range spin-Peierls order 
must be completely destroyed: xc — ^/Ldim ^ 0.03, 
which is in good agreement with the result obtained in 
Ref. M. 



C. Dependence of the Width of the Magnetic 
Resonance Line on Temperature 

On the basis of the model described above, we can 
derive the dependence of the width of the ESR line on 
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temperature. The comparison with experimental data 
is presented in Fig. 5. For convenience, the width of 
the line at the spin-Peierls transition point is added to 
the theoretical dependences. No additional adjustable 
parameters were used. 

For the sample with the impurity concentration 0.2%, 
the agreement of the theory with the experiment is very 
good. The theory provides correct location of the maxi- 
mum of the linewidth and correct value of it at this point. 
The best agreement between the theory and the experi- 
ment is achieved for H || c. This could be expected, since 
in this case one of the basic assumption of this model is 
best satisfied: namely, that the intrinsic linewidth of the 
spectral components can be neglected as compared with 
the splitting between them. 

For the sample with x = 0.8%, a disagreement of the 
theory and the experiment is observed. The location of 
the maximum is determined rather well; however, the 
behavior of the linewidth at low temperatures is different 
from that predicted by the model. We attribute this fact 
to interaction between clusters. 



D. Dependence of the factor on Concentration 
above the Temperature of the Spin-Peierls 
Transition 

Approach developed above can be also applied to the 
description of the dependence of the (7-factor value on 
impurity concentration above Tsp. In this case, we con- 
sider as a cluster the neighborhood of the impurity ion 
of size Ldm where the Dzyaloshinski-Moriya exchange 
interaction exists. 

At temperatures close to Tsp, the condition ^ A 
K ^ Oe ~ 10^'^sec-\ A ~ 10i°sec~i) holds. Hence, 
simplified Eqs. ( |l^ ) can be used. Neglecting the terms 
of order A^/w^, we obtain the following equation for the 
mean value of the 5-factor (this equation is similar to (|^): 

gdXci + gcuXcu .,„N 

9= . • (19) 

Xcl + XCu 

As before (see Eqs. (|[)-||), susceptibilities x are deter- 
mined in the molecular field approximation. We assume 
that in the absence of interaction, the cluster suscepti- 
bility is described by the Curie law (||), and the sus- 
ceptibility of the copper ions surrounding the cluster is 
independent of temperature and equals the susceptibility 
at the point of the spin-Peierls transition 

We do not present the expression for the dependence of 
the g-factor value on concentration because it is too cum- 
bersome. This expression includes two parameters: the 
effective exchange integral Jeff and Ljjm- The parame- 
ter Jeff has already been determined earlier. This leaves 
us a single adjustable parameter to describe the depen- 
dence of the (7-factor on impurity concentration for all 
orientations of the sample with respect to the magnetic 
field. As it has already been mentioned, the value of the 



impurity concentration at which clusters can be consid- 
ered as uninteracting increases with temperature. Thus, 
at high temperatures our approach can be applied even in 
the case of large concentrations. Figure 6 presents data 
for samples with nickel concentrations up to 3.3% at the 
temperature of 15 K along with theoretical curves. The 
experimental dependences correspond to Ldm = 18 ± 2. 

E. Dependence of the ESR Linewidth on 
Concentration at Low Temperatures. Interaction of 
Clusters 

The difference of the ESR lines of samples with the 
impurity concentration 0.2% and 0.8% (Fig. 7) indicates 
that clusters interact. The dependence of the linewidth 
on impurity concentration for small x is linear (Fig. 8). 
A linear dependence of the ESR linewidth on the concen- 
tration of magnetic centers was observed in experiments 
with diluted paramagnets (paramagnetic centers in a dia- 
magnetic crystal) (see, e.g., Ref. p2| ). 

As a possible cause of the observed linewidth one 
can suggest long-range dipole-dipole interactions or ex- 
change interactions occuring due to overlapping of wings 
of nearby clusters. 

In order to estimate the contribution of the dipole- 
dipole interaction to the linewidth, we notice that the 
dipole field magnitude is about 10 Oc at the distance of 
lOA from the magnetic moment /is. Thus, the observed 
ESR linewidth ^ 1 kOe cannot be explained by the exis- 
tence of the dipole-dipole interaction between impurity 
ions. 

Therefore, the linewidth must be determined by the 
antisymmetric or anisotropic exchange interaction of 
clusters. Reorientation of clusters due to thermal fluc- 
tuations leads to the appearance of a random effective 
field Heff, which determines the linewidth. 

Due to the random distribution of the impurities, the 
number of closely-spaced clusters constitutes a notice- 
able part of the total number of clusters. In the one- 
dimensional case, the probability to have an impurity 
ion at the distance of n interatomic distances from the 
given ion at the impurity concentration x is 

p{n)^x{l~xy\ (20) 

Then, the probability that the distance between impurity 
ions is less than N is 

N-l 

P(n<7V)= ^p(n) = l-(l-x)^. (21) 

n=0 

In the limiting case a; ^ 1 we obtain P{n < N) « 
Nx. Thus, if the impurity concentration is 1% (and the 
average distance between impurity ions in a chain is 100 
interatomic distances) the part of the clusters that are 
closer to each other than Ldim — 32 is about of 30%. 
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On the basis of the observed values of the width of the 
magnetic resonance hne, we can give a coarse evaluation 
of the magnitude of the random effective magnetic field 
generated by clusters. 

Since antiferromagnetic correlations decrease exponen- 
tially when moving away from the defect into the dimer- 
ized matrix, we assume that the average value of the 
effective field depends on the distance L from the region 
of the destroyed dimerization according to the law 



D 



Heff = i?oexp(-L/0, 



(22) 



where ^ is the magnetic correlation length and Hq is the 
effective field on the boundary of the suppressed dimer- 
ization region. 

Averaging over L with the help of distribution ( |20| ) 
and taking into account that x is small, we obtain the 
following estimate for the width of the ESR line: 



L=0 



-(l-x)exp(-l/0 



(23) 



Hence, setting ^ « 10 (see Rcf. 23) and taking into 
account that at a: 1% the linewidth AH ^ 1 kOe (see 
Fig. 8), we obtain for Hq the estimate Hq ^ 10 kOe. 
Such a magnitude of the effective field corresponds to 
the energy of order of 1 K, which is about 1% of the 
intrachain exchange integral. 

Additional information on the nature of the interaction 
that determines the width of the magnetic resonance line 
can be obtained with the help of the angular dependence 
of the linewidth. The dependences of the effective g- 
factor and the ESR linewidth on the orientation of the 
magnetic field in the plane be of the crystal with x = 
0.8% are presented in Fig. 9. The angular dependence of 
the g-factor is accurately approximated by the function 



9 2 

5c cos . 



2 • 2 

9b ' 



(24) 



where (j) is the angle in the plane be measured from the 
axis c. Thus, the anisotropy of the g-factor can be de- 
scribed in terms of the principal values of the g-tensor. 

The contribution of the antisymmetric exchange inter- 
action to the angular dependence of the linewidth is tt- 
periodic, and the contribution (p£|the anisotropic symmet- 
ric interaction is 7r/2-periodicB3 In the case under con- 
sideration, both contributions are present. Figure 9 illus- 
trates fitting of experimental data for the ESR linewidth 
by the function A + B cos(20) + C cos(4(/)). However, one 
must take into account the fact that the anisotropy of 
the g- factor also affects the angular dependence of the 
linewidth, and this influence is periodic with the period 
equal to that of the angular dependence of the g-factor 
(g), i.e., TT. ^ 

The magnitude of the parameter D of the anisotropic 
symmetric exchange is related to the isotropic exchange 
integral J by the equation (see Ref. |3) 



A5 
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J, 



(25) 



where Ag = g — 2. In CuGeOa, (Ag/g) ^ 0.1, which 
yields an estimate of 1 K for D. Thus, it is possible 
that the observed magnitude of the ESR line is explained 
by the existence of the symmetric anisotropic exchange 
interaction. 



V. CONCLUSIONS 

When studying high-quality samples of the spin-Peierls 
magnet CuGcOs doped with nickel with a small impurity 
concentration x <1%, it was found that the ^-factor de- 
creases with temperature to unusually small values (down 
to 1.4). This fact is due to formation of the clusters of 
antiferromagnetically correlated spins with antisymmet- 
ric exchange interaction around impurity ions. Above 
the transition temperature, the value of the ^-factor de- 
creases as the impurity concentration increases. 

The dependence of the g-factor on temperature and 
concentration can be explained in the framework of the 
model of exchange narrowing. An analysis of data allows 
one to evaluate the size of the region around an impurity 
in which the dimerization is suppressed {Ldim ~ 30 inter- 
atomic distances) and the size of the region in which the 
antisymmetric exchange interaction exists {Ljjm ~ 20 
interatomic distances) . 

Experimental data show that even at small impurity 
concentrations, the interaction between clusters plays an 
important role at low temperatures. The magnitude and 
the angular dependence of the width of the magnetic res- 
onance line suggest the existence of an anisotropic ex- 
change interaction in CuGeOa. 
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- H|| a, □ - H|| b, \j - H[| c. Solid curves correspond 
to the theoretical calculation. 

Fig.4 Dependence of the effective g-factor on temperature 
for the sample with the impurity content x = 0.8%: • 

- H|| a, □ - Hjl b, \j - H|| c. Solid curves correspond 
to the theoretical calculation. 

Fig. 5 Dependence of the half-width of the ESR line on 
temperature for a;=0.2% (a) and a;=0.8% (b). H|| c, 
/ =36 GHz . Solid curves correspond to the theoret- 
ical calculation. 

Fig. 6 Dependence of the effective g-factor on impurity con- 
centration at r = 15 K: O - H|| a, □ - H|| 6, v - 
H|| c. Solid curves correspond to the theoretical cal- 
culation, and black symbols correspond to the data 
of the studyfi. 

Fig. 7 Comparison of the ESR lines for x — 0.2% and x — 
0.8% at T = 1.8 K, H|| c, and / = 36 GHz. 

Fig.8 Dependence of the half-width of the ESR line on im- 
purity concentration for H|| c: T — Tn ~ 2.5 K for x 
= 1.9%, T = Tiv = 3.5 K for x = 3.0%, and T = 1.8 
K for j; = 0.2% and x = 0.9%. 

Fig. 9 Angular dependence of the width of the magnetic res- 
onance hne (O) and the effective g-factor (□) for the 
field applied in the plane be. Solid curves correspond 
to the dependence A + i3cos(2(/)) + Ccos(4<^), x = 
0.8%, T = 1.8 K, and / = 36 GHz; </) = 0° corre- 
sponds to H II c. 



VII. FIGURE CAPTIONS 



Fig.l The temperature evolution of the ESR line at a; = 
0.2%, H II c, and / = 36 GHz. The vertical segments 
in figures a and 6 correspond to the same amplitude 
of the signal. 

Fig. 2 The temperature evolution of the ESR line a,t x — 

0.8%, H II c, and / = 36 GHz. 
Fig. 3 Dependence of the effective g-factor on temperature 

for the sample with the impurity content x = 0.2%: • 
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